The ecological role of nodularin in cyanobacterium Nodularia spumigena is still largely unknown, as are the conditions that promote toxin production. We report a modulating effect of mesozooplankton grazing on cellular nodularin content in N. spumigena expressed as a decrease in cellbound toxin concentration in the presence of copepods compared with the cyanobacterium in similar assemblages without copepods. In our experiments, N. spumigena was incubated in an ambient plankton (,90 mm) assemblage (Expt I) or in 0.2-mm filtered seawater (Expt II), with and without the copepod Eurytemora affinis. Following $28-h incubation, we measured the changes in N. spumigena abundance and nodularin concentration, frequency of Nodularia DNA occurrence in copepods as a proxy for grazing pressure on the cyanobacterium and individual RNA content in E. affinis as a proxy for copepod growth response. In all copepod-free treatments, intracellular nodularin concentrations were up to four times higher than in the treatments containing copepods. In Experiment I, the copepods also had a positive effect on the cyanobacterium growth, presumably due to a selective removal of more edible algal species and thus decreased competition for nutrients. Nodularia DNA was detected with high frequencies, 18-80%, increasing in treatments with no alternative food or high copepod densities. Simultaneously, no noxious effects of N. spumigena on the copepods were detected as indicated by higher RNA content in copepods exposed to N. spumigena with or without ambient plankton organisms compared with starved controls. These findings stress the need to understand the importance of intra-specific interactions for nodularin production in relation to population dynamics of N. spumigena.
I N T RO D U C T I O N
Defences among terrestrial and aquatic primary producers against competitors and predators are common and have attracted a considerable interest. Inducible defences of phytoplankton against grazing may appear as changes in morphology, such as thorns, spines, colonies, filaments and mats (reviewed in Legrand et al., 2003) . Changes in algal behaviour may also occur, manifested as movements or the induction of flagellae, resting stages, or protecting mucilaginous sheaths (Goarant et al., 1994; Fiałkowska and Pajdak-Stós, 1997; Rengefors et al., 1998) . Primary producers may also produce chemical substances, such as toxins or other bioactive compounds, commonly considered as either defences against grazing or allelopathic substances suppressing growth of competitors (reviewed in Leflaive and Ten-Hage, 2007) . In general, all mentioned defences may appear in the time range of hours or days.
The abundance of cyanobacteria, in terms of mass-occurrences, has increased considerably duringalso increased (HELCOM, 2003) . As a consequence of climate change, precipitation will probably increase in northern Europe, facilitating the eutrophication process and blooms of toxic nitrogen-fixing cyanobacteria (HELCOM, 2007) . In the Baltic Sea, the hepatotoxic Nodularia spumigena may especially benefit from the future temperature rise in concert with increasing phosphorus concentrations (Lehtimäki et al., 1994 (Lehtimäki et al., , 1997 , due to higher precipitation and run-off.
Of the Nodularia species present in the Baltic Sea, N. spumigena is the only planktonic species that produces nodularin (Sivonen and Jones, 1999) , a predominantly intracellular (IC) hepatotoxin that resembles the microcystins, a well-studied group of cyanotoxins in freshwater ecosystems (Sivonen and Jones, 1999) . Nodularin production and accumulation have been positively related to algal growth (Lehtimäki et al., 1997; Stolte et al., 2002) , silica concentration and temperature (Repka et al., 2004) , and negatively to nitrogen supply (Repka et al., 2001) . Repka et al. (Repka et al., 2001) and Stlote et al. (Stolte et al., 2002) also report that phosphorus limitation does not restrict nodularin production. Furthermore, studies of the response of consumers to the cyanobacterium suggest that harmful effects of N. spumigena on various crustaceans, such as copepods and gammarids (Koski et al., 1999; Ojaveer et al., 2003; Korpinen et al., 2006) and small fish (Pääkkönen et al., 2008) observed in feeding experiments are related to the presence of the toxin. On the other hand, some animals ingest this cyanobacterium with no apparent harm (cladocerans, Sellner et al., 1994 ; mysid shrimps, Engström et al., 2001 ; ostracods and nematodes, Nascimento et al., 2009) , and the blooms are known to be important food areas attracting zooplankton , which may have a positive effect on their nutrition and growth. Field observations show that cyanobacteria blooms attract a wide range of small organisms, including crustaceans (Hoppe, 1981) . Most studies have addressed the effects of cyanobacteria on feeding in aquatic animals, whereas linkages between toxin concentrations in consumers and cyanobacteria are less well known.
Colonial cyanobacteria, including N. spumigena, are usually low quality food for zooplankton and benthic consumers due to poor manageability (Infante and Abella, 1985; Engström et al., 2001) or digestibility (Agrawal et al., 2005) , low nutritional content in terms of fatty acids (Ahlgren et al., 1992; Gugger et al., 2002; Nascimento et al., 2009 ) and production of toxins . Zooplankton responses to cyanobacteria have been extensively studied experimentally and in situ during cyanobacteria blooms (reviewed by Karjalainen et al., 2007) , whereas, to the best of our knowledge, no studies have addressed the responses of Nodularia in terms of toxin production to grazer presence. Such studies have mostly been performed with freshwater cyanobacteria, such as Microcystis sp., for which an increased toxin production in the presence of cladocerans has been reported (Jang et al., 2007) . On the other hand, Hansson et al. (Hansson et al., 2007) found a positive correlation between microcystin concentrations in situ and biomass of small zooplankton, but not with that of large zooplankton. Similarly, in the central and southern Baltic Sea, nodularin concentration in seston correlated positively with silicate concentration in the water, but not with mesozooplankton abundance (Repka et al., 2004) . The response of the cyanobacterium, in terms of growth and toxin production, to grazing pressure is highly relevant in order to understand processes behind bloom formation and its effects on aquatic grazers.
The purpose of our experiments was to determine whether copepod grazing induces changes in IC nodularin concentration in Nodularia spumigena, i.e. whether this is an inducible defence trait. We hypothesized that, in the case of the inducible defence, an increased concentration of nodularin would be observed in response to increasing abundance of the copepod Eurytemora affinis, i.e. grazing pressure (Jang et al., 2003 (Jang et al., , 2007 . To assess grazing on N. spumigena, a PCR-based diet analysis was applied using Nodularia-specific primers (Gorokhova, 2009) , and frequency of Nodularia DNA occurrence in the copepods was used as a proxy for grazing activity. Moreover, effects of the presence of N. spumigena on the growth performance of the copepods were tested using individual RNA content as a proxy for copepod growth (Gorokhova, 2003) .
M E T H O D Sampling and test organisms
This study consisted of two experiments designed to test the effects of grazing on nodularin concentrations and reciprocal effects of Nodularia spumigena on mortality and growth of the grazers. In Expt I, N. spumigena was incubated in natural ,90 mm plankton with (12 -33 ind. L
21
) or without copepods. In Expt II, N. spumigena was incubated in 0.2 mm filtered seawater (FSW) with (8 ind. L
) or without copepods. Expt I was conducted onboard R/V Aranda (Finnish Environment Institute) in the Gulf of Finland in August 2007. Ambient plankton was collected with a 50 L water bottle from 10 m depth on station LL7 (N 59.5079, E 24.5027 ; bottom depth 100 m). The phytoplankton community biomass in the upper 10 m was dominated by the cyanobacterium Aphanizomenon flos-aquae and the chrysophyte Pseudopedinella elastica; other abundant taxa were the prymnesiophyte Chrysochromulina spp., the cryptophytes Plagioselmis prolonga and Hemiselmis virescens, and the prasinophyte Pyramimonas spp.; Nodularia spumigena contributed 5.4% by biomass. Toxic N. spumigena dominates often during summer (Suikkanen et al., 2007) , but this was not the case during the study due to a windy weather. The natural plankton was filtered on a 90 mm sieve to remove copepods, cladocerans and most of the rotifers and nauplii, as well as large colonies of cyanobacteria (Anabaena lemmermannii, A. flos-aquae and N. spumigena); the resulting media is referred as "ambient water" hereafter.
Older copepodites (CIV-CVI) of Eurytemora affinis Poppe, a common Baltic copepod, were picked from the plankton concentrated on the sieve and split into sets of 15-20 (Expt I) or 10 (Expt II) individuals. We chose E. affinis as a grazer, because it is a generalist feeder that consumes toxic Nodularia (Engström et al., 2000) and is tolerant to nodularin (Reinikainen et al., 2002) . From these collections, 15 copepods ( prosome length, PL, 695 + 25 mm) in Expt I and 10 copepods (PL 655 + 15 mm) in Expt II were individually picked with forceps, carefully rinsed with 0.2-mm FSW and preserved in RNAlater for the RNA measurements and PCR assay (Gorokhova, 2005) . The culture of planktonic Nodularia spumigena cyanobacterium (strain AV1) was obtained from Prof. K. Sivonen (University of Helsinki, Finland) and used in both experiments. This strain is a potent nodularin-producer, with cellular toxin concentration varying between 0.5 and 12 mg g 21 (Lehtimäki et al., 1994) . The cyanobacterium was grown in a modified Z8 nutrient solution (Sivonen et al., 1989) in 16:8 h light:dark regime at 158C with constant oxygenation. Shortly prior to the cruise, the culture was transferred onboard the ship, and held in a temperature controlled room at 158C with constant light. The cyanobacterial concentration was determined by microscopy (Leica DM IRB, 10Â, 25Â, 40Â) and dry weight (DW as mg L
) measurements. Cell concentrations obtained by microscopy were converted to biovolumes and DW according to Olenina et al. (Olenina et al., 2006) . For DW determination, a known volume of well-mixed cyanobacteria culture was filtered on a preweighed filter (Whatman GF/F), and dried at 658C for 24 h.
Experimental setup
In Expt I, to create a gradient in grazer abundance (Table I) , three treatments were applied: (i) no grazing; ambient waterþ1 mL of N. spumigena stock (coded as AN); (ii) low grazing; ambient waterþ1 mL of N. spumigenaþ15-20 copepodites (ANZ); and (iii) high grazing; ambient waterþ1 mL of N. spumigenaþ30-40 copepodites (ANZZ). Expt II was conducted in August 2008 as a follow-up study to clarify direct effects of copepods on IC and extracellular (EC) nodularin content; two treatments were applied (Table I) ; M. Huttunen, Finnish Environment Institute, Personal communication). In Expt I, the starting concentration of the cyanobacterium was brought to 13.9 mg DW L 21 by spiking ambient ,90 mm plankton with N. spumigena from the culture. The experimental copepod density in ANZ and NZ treatments corresponded to summer (Viitasalo, 1992) . As a control (coded as C) for mortality and background changes in individual nodularin and RNA contents, copepods in groups of 30-40 (Expt I) or 10 (Expt II) individuals were incubated in FSW. For all treatments and controls, five replicates were used. Copepods were acclimatized over night in FSW at experimental temperatures. All incubations were conducted in 1.2 L glass bottles on a plankton wheel (1 rpm) at ambient temperature and illumination for 27-29 h. At the termination of the experiment, the bottle content was filtered through a 90 mm sieve, and material retained on the sieve was transferred to a Petri dish. Copepods were picked with a wide mouth pipette and their exact number in each replicate was recorded along with mortalities (motionless copepods considered dead). From each replicate, 14 -35 individuals were individually picked with forceps, carefully rinsed with FSW and transferred to an Eppendorf tube for nodularin analysis (Expt I) and two to three individuals treated in the same way were preserved in RNAlater for RNA measurements and PCR analysis. As approximately 30 individuals were necessary for nodularin analysis (J. Engström-Ö st, personal observations), it was possible to obtain only two composite samples from ANZ treatment. The remaining part of the material retained on the sieve was returned to the respective filtrate that was used for microscopic analysis of Nodularia abundance and nodularin measurements.
Microscopic counts
The abundance of Nodularia spumigena was determined from a 50 mL sample preserved with acid Lugol's solution. The samples were preserved within 1 h after termination of the experiment. Filaments were counted as 100 mm filaments (60 to 327 units per sample) in Utermöhl chambers at 125Â magnification using a Leica microscope (Utermöhl, 1958) .
Toxin analysis
The IC nodularin concentrations were analysed by ELISA, using a microcystin plate kit (EnviroLogix, Portland, ME, USA), according to the kit instructions. ELISA measures both microcystin and nodularin; consequently, data from Expt I are reported as microcystin-LR equivalents. When analysing samples from this experiment, we assumed that microcystin contribution was negligible, because the microcystin producer in the Gulf of Finland, Anabaena lemmermannii, has not been found to be toxic in this area due to the relatively high salinities (Halinen et al., 2007) . Further, the biomass of A. lemmermannii in the area was very low (,4% of the total phytoplankton biomass; M. Huttunen, unpublished results). When analysing samples from Expt II, however, nodularin standards (0.1 -1.5 ng mL
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) were used, ensuring that measured toxin originates from Nodularia spumigena. In the samples from Expt I, IC toxin concentrations were analysed in the N. spumigena culture (100 mL sample ); no particulate nodularin was assumed to occur in FSW. All samples were filtered on GF/F (Whatman, 47 mm) filters and stored at -208C until analysis. Moreover, in Expt II, 2 mL of FSW and seawater from the filtrate were collected in Eppendorf tubes and frozen (2208C) for analysis of EC nodularin concentrations; these were not measured in Expt I. Before the measurement, filters were freeze-dried (Christ Alpha 1 -4, B. Braun Biotech International) for 50 h. All samples (except the EC nodularin samples; see below) were dissolved in 5 mL 100% methanol, sonicated (Soniprep 150, MSE, Scientific Instruments, UK) for 5 min and extracted overnight. Subsequently, the samples were filtered through GF/F filters (Whatman, 25 mm) with a syringe-operated device, and filtrates dried with N 2 gas. Then 40 mL 50% methanol and 280 mL MilliQ water were added to the samples, starting with the methanol. For animal samples, we used half the amounts mentioned (20 mL methanol and 140 mL MilliQ water). During the following 4 days, 70 mL (or 35 mL) MilliQ water was added daily, until a final concentration of 6.25% methanol was reached (Metcalf et al., 2000) . On the fifth day, the samples were analysed by ELISA. Samples were diluted from 1:10 to 1:20 000, depending on the nodularin concentration. The EC nodularin samples (GF/F FSW) were completely melted and properly shaken before analysis, but not treated in any other way. A negative control and a standard curve were measured accordingly. The toxin concentration was determined from the absorbance at 450 nm, measured with a photometer (Microplate Reader, Bio-Rad Benchmark).
Nucleic acids
We used individual RNA content as a measure of shortterm growth potential for Eurytemora affinis, because this proxy was found to be a more sensitive indicator of copepod growth than the commonly used RNA:DNA ratio (Gorokhova, 2003) ; earlier it was successfully applied as in situ growth indicator in this copepod (Höök et al., 2008) . Copepods preserved in RNAlater and stored for 4 weeks at 48C (Expt I) or 5 months at 2808C (Expt I) were length measured using an inverted microscope with ocular micrometer; two individuals were used for the analysis from each experimental replicate. RNA content in individual copepods was quantified using microplate fluorometric high-range RiboGreen (Molecular Probes, Inc., Eugene, OR, USA) assay after extraction with N-laurylsarcosine followed by RNase digestion (Gorokhova and Kyle, 2002) . The following reagents, standards and controls were used: RiboGreen TM RNA Quantitation Kit (Molecular Probes); RNA standards (16S and 23S from Escherichia coli, RiboGreen Kit); DNase-free RNase (Q-biogene; working solution 5 mg mL 21 ); N-lauroysarcosine (sarcosyl, Sigma); TE buffer (Q-biogene). RNA standard sets were prepared from frozen ( -808C), aliquoted stocks. Working solutions were diluted in TE buffer (0.01 -0.30 mg mL 21 ), aliquoted and stored at -208C until analysis: negative controls were also prepared and analysed with all samples. Fluorescence measurements were done in triplicate for each sample using FLUOstar Optima (BMG Labtechnologies, filters: 485 nm for excitation and 520 nm for emission) microplate reader and black solid flat-bottom microplates (Greiner Bio-One GmbH). On each analytical occasion, wells containing samples, nucleic acid standards and negative controls were measured concomitantly.
PCR-based identification of Nodularia in copepods
To determine frequency of occurrence of N. spumigena in copepod guts, a PCR-based diet analysis was applied using Nodularia-specific primers. Samples remaining after the RNA quantitation were used to extract DNA. For the extraction, 10 mL of proteinase K (1 mg mL 21 ; Q-biogene) were added, and samples were incubated for 2 h at 658C, following by 15 min at 968C. Then 10 mL of DNase-free RNase (24 U mL 21 ; Q-biogene) were added and samples were incubated for another 1 h at 378C. Samples were then spun in a centrifuge to pellet out the debris (2 min at 12 000 g); the supernatant (50 mL) was stored at -208C. The total DNA yield per sample was quantified using PicoGreen Moffitt et al., 2001 ) using the toxic Nodularia-specific primer, NTS (TGTGATGCAAATCTCA(C/A)A) and universal 16S rRNA reverse primer 1494R (Neilan et al., 1997) ; the method has been tested and applied to evaluate grazing on Nodularia by mysids (Gorokhova, 2009 ). The positive control was DNA from hand-picked colonies of N. spumigena preserved in 95% ethanol and extracted using a DNeasy w Plant Mini Kit (Qiagen). Amplifications were performed in a 25-mL reaction mixture containing PCR master mix (Promega), 5 mL of template DNA at a concentration of $50 ng mL
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. Forward and reverse oligonucleotide primers were added to a final concentration of 0.5 mM. The initial denaturation step at 948C (5 min) was followed by 30 cycles of DNA denaturation at 948C (5 s), primer annealing at 538C (10 s), strand extension at 728C (45 s) and a final extension step at 728C (7 min). Completed PCRs were separated on a 2% (w/v) agarose, 1ÂTBE, gel with a 100 bp ladder at 70 V and visualized by staining with SYBR TM Green I Nucleic Acid Gel Stain (Molecular Probes, Eugene, OR, USA). A sample was considered successful when a band was observed in the expected size range (i.e. 200 bp); band intensity was not evaluated. To verify the authenticity of the PCR products obtained from the test samples, a random selection was purified using a QiaQuick PCR purification kit (Qiagen, Germany) and nucleotide sequences were determined by an automated fluorescence sequencer (ABI, 373A-Stretch; Perkin-Elmer, Norwalk, CT, USA) using a BigDye terminator cycle sequencing kit (PerkinElmer) and aligned with the N. spumigena BY1 16S rDNA sequence from GenBank (AY075067). To verify that the overall quality of DNA was sufficient, amplifications were also performed using two universal 16Sar and 16Sbr primers (Palumbi, 1996) 
Statistics
Statistical analyses were done using Statistica 6.0 for Windows (USA). Copepod survival rate was arcsine square root transformed to achieve a normal distribution and compared between the treatments using a one-way ANOVA. Biomass of cyanobacteria and nodularin concentrations in phytoplankton and in copepods were compared between the treatments using a one-way ANOVA followed by Tukey's HSD post hoc test for pairwise comparisons. To test for the differences in nucleic acid concentrations and their ratios between the treatments, analysis of covariance (ANCOVA) was applied with body size (PL) as the covariate, because individual RNA content is a function of size and copepodites of different sizes (540 -720 mm range) were used for the analysis; Neuman -Keuls post hoc test was used for pairwise comparisons. The toxin concentrations were compared among the treatments using a one-way ANOVA and Student's t-test, while one-sample t-test was used to evaluate changes in Nodularia spumigena biomass and toxin concentrations in relation to the start values. Differences in PCR amplification success between the treatments were evaluated by a chi-squared contingency table test for independence with a ¼ 0.05. All data were checked for normality and equality of variances using Wilk -Shapiro and Bartlett's test for equal variances. In all cases, significance was considered when P , 0.05.
R E S U LT S Changes in Nodularia spumigena biomass
In Expt I, Nodularia spumigena biomass did not change significantly in the treatments with copepods in comparison with the start value (one-sample t-test, ANZ: t 4 ¼ 0.8368, P . 0.4; ANZZ: t 4 ¼ 0.5611, P . 0.6; Fig. 1A ), whereas it significantly decreased in the no grazing treatment (AN: t 4 ¼ 9.672, P , 0.006). The final concentration of N. spumigena was significantly higher in the low grazing treatment than in the no grazing treatment (ANOVA, F 2,14 ¼ 3.8, P . 0.0529; Tukey HSD, P . 0.044), whereas there were no differences in N. spumigena biomass between the high grazing treatment (ANZZ), and either no grazing (AN) or low grazing (ANZ) treatments (Tukey HSD, P . 0.05 in both cases). In Expt II, the cyanobacteria biomass increased $60% in both treatments, the increase was significant in no grazing treatment (one-sample t-test, N: t 4 ¼ 4.070, P , 0.015; Fig. 1B) but not in the low grazing treatment, due to the high variability between the replicates (NZ: t 4 ¼ 2.113, P . 0.1). There was no significant difference between the treatments (P . 0.05; Fig. 1B ).
Toxin concentrations
The IC nodularin concentration at the start of the experiments was 0.042 and 0.011 mg toxin mg DW 21 in Expt I and Expt II, respectively, while at the termination of the experiment, it varied considerably: 0.003 -0.091 mg toxin mg DW 21 and 0.009 -0.022 mg toxin mg DW 21 in Expt I and Expt II, respectively ( Fig. 2A  and B) . Compared to the respective start values, the IC concentrations were higher in copepod-free treatments, with the increase being significant in N treatment (onesample t-test, t 4 ¼ 11.46, P , 0.0003), and marginally significant in AN treatment (t 4 ¼ 2.322, P . 0.08). In the treatments with copepods, the toxin concentration decreased in ANZ and ANZZ treatments (ANZ: t 4 ¼ 4.151, P , 0.05; ANZZ: t 4 ¼ 61.01, P , 0.0001), and did not change in NZ treatment (t 4 ¼ 1.962, P . 0.12). At the end of the experiment, IC nodularin concentrations were significantly different among the treatments within the experiment (Expt I: ANOVA, F 2,14 ¼ 19.8, P , 0.001; Expt II: t-test, t 8 ¼ 3.725, P , 0.006), with higher values in the copepod-free treatments (AN and N) than in the respective treatments with copepods (ANZ, ANZZ and NZ). There was, however, no significant difference between the low and the high grazing treatments in Expt I (P . 0.05; Fig. 2A) .
EC nodularin concentrations measured in Expt II were not detectable in either original culture, FSW or in the N treatment. In the NZ treatment, EC nodularin was 0.18 + 0.08 mg L 21 corresponding to $45% of the total nodularin (mg L 21 ) in the system. There was no significant correlation between EC toxin levels and either IC nodularin or Nodularia biomass within this treatment (Pearson r ¼ 0.13 and 0.06, respectively, P . 0.8 in all cases). Total nodularin concentrations were not significantly different between the treatments (t-test, t 8 ¼ 1.017, P . 0.3).
Toxin concentrations in the copepods used in Expt I were highly variable, 0.04-0.76 ng ind.
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, with mean values being highest in the low grazing treatment, followed by the high grazing treatment and the fooddeprived control (Fig. 2D) . However, due to the high within-treatment variance, no significant differences were observed between ANZZ and C treatments (t-test; t 6 ¼ 0.4, P . 0.05); the pooled samples from ANZ treatment were not included in the statistical comparisons.
Nodularia DNA occurrence in the copepods
Both field and experimental copepods fed on N. spumigena as indicated by the presence of Nodularia DNA in up to 58 and 80% of the animals in Expt I and Expt II, respectively (Fig. 3) . The Nodularia DNA was detected in the copepods from NZ, ANZ and ANZZ treatments as well as in the field collected animals (Fig. 3) , but not in the food-deprived copepods from the controls (data not shown). The differences in overall detection frequency between ANZ and ANZZ treatments (18 and 58%, respectively) and between the field collected individuals (20%) and those from ANZZ treatment were significant (ANZ vs. ANZZ: x 2 ¼ 3.885, P . 0.048; Start I vs. ANZZ: x 2 ¼ 4.201, P . 0.040), while there was no significant difference between the field collected animals and ANZ treatment (x 2 ¼ 0.013, P . 0.908).
Copepod survival and growth status
In all treatments where copepods were present, their survival was high (96-99%), with no differences between the treatments (Expt I: ANOVA, F 2,12 ¼ 0.23, P . 0.8; Expt II: t-test, t 8 ¼ 0.9487, P . 0.4). In general, all copepods appeared healthy and actively swimming. In NZ, ANZ and ANZZ treatments, they had visibly filled guts and no signs of clogging of feeding appendages.
Both treatment and body size had significant effects on individual RNA content in copepods (ANCOVA, Expt I, treatment: F 1,23 ¼ 10.8, P , 0.001; PL: F 1,23 ¼ 21 ; n varies 2-6] (C, Expt I) at the termination of the experiments. Dashed line shows the nodularin concentration at the start of the experiment. C, copepods incubated in GF/F filtered seawater; other annotations as in Fig. 1 . Start I and Start II correspond to Expt I and Expt II, respectively. Different letter codes represent significant differences between the treatments within a given panel (t-test, P , 0.05). 19.7, P , 0.0005; Expt II, treatment: F 1,22 ¼ 22.4, P , 0.001; PL: F 1,22 ¼ 5.26, P , 0.04). In the food-deprived animals, RNA content significantly decreased during the incubation, while no differences were found between the start animals and those from either NZ, ANZ or ANZZ treatments (P . 0.05 in all cases; Fig. 4) . In Expt I, the RNA in the low grazing treatment content was significantly higher than in the high grazing treatment (Neuman -Keuls test, P , 0.042) and in the starved control (P , 0.001), while difference between the high grazing treatment and the control was only marginal (P . 0.051; Fig. 4A ). In Expt II, copepods exposed to N. spumigena had significantly higher RNA content than those from the starved individuals in the control (Neuman -Keuls test, P , 0.01), but lower than the start animals (P , 0.05; Fig. 4B ).
D I S C U S S I O N
Contrary to the hypothesized positive relations between IC nodularin concentration in Nodularia spumigena and grazing, the cyanobacterium exposed to the copepod Eurytemora affinis had significantly lower toxin levels compared with those in the treatments without the copepods. The effects were significant in both mixed plankton communities and N. spumigena exposed to copepods in the absence of microplankton. The increase in grazing pressure, however, induced neither a significant further decrease in the nodularin concentration (Expt I; Fig. 2A ) nor a decrease in biomass of N. spumigena (Fig. 1A) . To the best of our knowledge, the only study reporting this type of effect on the toxin levels in N. spumigena is that of Sopanen et al. (Sopanen et al., 2009) , who found that particulate nodularin concentrations per unit volume decreased significantly more when different microplankton fractions were incubated with copepods compared with incubations without copepods (see their Figs 1 and 2) . In their study it is, however, unclear whether the effect might have been related to the decreased cell nodularin quota or to the selective removal of N. spumigena from the media. In our experiments, different mechanisms, such as competition for nutrients, allelopathic and mutualistic interactions, and cyanobacterial metabolism, are likely to be responsible for the changes observed in N. spumigena stocks and nodularin concentrations in different treatments and experiments.
When N. spumigena was exposed to mesozooplankton in 0.2-mm FSW (Expt II), the decrease in cell-bound nodularin (Fig. 2B ) was related to an increase in dissolved nodularin. Although substantial ($45% of total nodularin per volume), the increase in EC nodularin cannot alone explain the changes in cellular nodularin concentrations. The levels of dissolved nodularin in the NZ treatment ($0.2 mg L 21 ) were at the low end of those commonly found in the field ($0.1-10 mg L 21 ; Sivonen and Jones, 1999) . These concentrations are not expected to cause increased mortality in Eurytemora affinis as no such effects were observed in either 48-h experimental incubations with dissolved nodularin at 200 mg L 21 (Reinikainen et al., 2002) or our study. In growing N. spumigena cultures, EC nodularin is usually not detectable, appearing only in stationary phase, when filaments start to decay (Sivonen and Jones, 1999; Møgelhøj et al., 2006) . This, however, is not likely to be the case in Expt II, because total cyanobacterial concentrations were low and not significantly different from those in the treatment without copepods (Fig. 1B) . Therefore, one would expect cyanobacterial growth rates to be higher in NZ treatment than in N treatment, because of the grazing in the former (Fig. 3) and concomitant nutrient recycling promoting growth. As no significant correlations between EC nodularin concentrations and either biomass of N. spumigena or IC nodularin were observed, the occurrence of dissolved 
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; mean + SD) in Eurytemora affinis in Expt I (A) and Expt II (B) at the start of the experiments (Start; field collected animals) and after the incubation. Treatments as in Figs 1 and 2. Different letter codes represent significant differences between the treatments within a given panel (ANOVA, P , 0.05).
nodularin is likely to be related to sloppy feeding and leakage from N. spumigena cells. However, possibility of the active toxin excretion hindering grazing cannot be ruled out entirely because of the low number of observations. It has been shown that excreted nodularin is efficiently taken up by organisms of the microbial loop (Sopanen et al., 2009 ) and used as a substrate by bacteria (Hagström, 2006) , which raises interesting questions about linkages between copepod grazing on N. spumigena and concomitant enhancement of bacterial production supporting flagellate and ciliate stocks that are nutritiously rich food for the copepods.
The ecological role of toxin production in Nodularia is still largely unknown. Cyanobacterial toxin content has often been correlated with environmental factors and growth rate using batch and chemostat cultures. In these cultures, nodularin production is positively related to growth (Lehtimäki et al., 1997) , particularly in the exponential growth phase (Lehtimäki et al., 1994 (Lehtimäki et al., , 1997 Repka et al., 2001; Møgelhøj et al., 2006) ; however, nodularin is produced even after growth ceases (Stolte et al., 2002) . The observed changes in N. spumigena abundance in the absence of copepods suggest that cellbound nodularin concentrations and cyanobacterial growth could be related both positively (N treatment; Expt II) and negatively (AN treatment; Expt I), with the positive relationship observed in 0.2-mm filtered water (i.e. conditions close to a laboratory culture) and the negative in the ambient ,90 mm plankton community. The share of N. spumigena in this community was low (,8% by biomass), and it is likely that competition with other bacterio-and phytoplankton has occurred. Moreover, in the treatments without copepods, nutrients were probably more depleted than in those with copepods, where phosphorus recycling might have been higher and, at the same time, algal stocks were too depleted by grazing to efficiently use ammonium released by the copepods. Expression levels of nodularin synthetase genes have been shown to increase under phosphate limitation and to decrease in the presence of ammonium in N. spumigena (Jonasson et al., 2008) , which might translate into the higher and lower IC toxin concentrations in AN and ANZ -ANZZ treatments, respectively, observed in Expt I.
The cyanobacterial toxins can act as allelopathic compounds in algae -algae interactions (Sivonen and Jones, 1999; Leflaive and Ten-Hage, 2007) , and inhibition of competitors can confer strong competitive advantage leading to the selection of toxin-producing strains. Although no evidence has been found for pure nodularin acting as an allelopathic substance in experimental incubations with the cryptophyte Rhodomonas salina and filtrates of Nodularia spumigena (Møgelhøj et al., 2006; Suikkanen et al., 2006) , inhibiting effects on bacteria and phytoplankton have commonly been observed in the Mediterranean congener N. harveyana (Pushparaj et al., 1999; Volk, 2006) . In the AN treatment, the observed $64% increase in IC nodularin, although only marginally significant, coincided with a significant decrease in N. spumigena biomass, which suggests that nodularin production is not an inducible defence trait against mesozooplankton grazers, but rather involved in allelochemical response to changes occurring in bacterio-and phytoplankton community in the absence of copepods. It is also likely that in the absence of copepods, abundances of heterotrophic flagellates and ciliates in this treatment were higher than in the ANZ and ANZZ treatments. Protists are efficient bacterivores (Wetzel, 2001) , and the differences in their abundance and grazing could have caused differences in bacterial community composition and abundance in the incubation bottles. Salomon et al. (Salomon et al., 2003) showed that different bacterial strains can both stimulate and retard growth of N. spumigena; it was also speculated that nodularin could have antibacterial properties. Similarly, cyanobacterial extracts have been shown to exhibit antiviral properties and cyanobacteria occasionally lose their toxicity when they lose associated viruses (Fuhrman, 1999) . Therefore, differential survival and propagation of bacteria and viruses in the microcosms could potentially lead to the low stocks of highly toxic N. spumigena cells (as in AN) or to the high stocks of cells with lower toxicity (as in ANZ and ANZZ). Interestingly, nodularin concentration in the field samples was up to 9-fold higher than in the N. spumigena cultures; quite similar estimates were reported by Repka et al. (Repka et al., 2004) , who found that mean nodularin cell quota was 0.0002 and 0.001 ng cell 21 in laboratory cultures and field-collected N. spumigena, respectively. Since the ability to synthesize nodularin varies greatly between different strains (Lehtimäki et al., 1994) , this suggests that greater in situ diversity of bacterio-, phyto-and possibly microzooplankton results in the selection of strains with higher nodularin production levels and/or efficient regulation of this production in response to environmental cues. Future studies should investigate specific interactions between different plankton groups and toxin production in N. spumigena in greater detail.
Both experimental and field-collected copepods were feeding on N. spumigena, as shown by the presence of Nodularia DNA in their guts (Fig. 3) . This was expected considering previous studies reporting consumption of N. spumigena by Eurytemora affinis (Engström et al., 2000; Lehtiniemi et al., 2002; Kozlowsky-Suzuki et al., 2003) . In Expt I, the frequency of occurrence was similar between the wild-caught animals and those from the low grazing treatment and significantly higher in the high grazing treatment (20 vs. 60% in ANZ and ANZZ, respectively). It is likely that the availability of edible algae and microzooplankton throughout the incubation was higher in the low grazing treatment, while in the high grazing treatment, small prymnesiophytes, cryptophytes and prasinophytes that dominated ambient phytoplankton were quickly depleted because of the high copepod abundance ($35 ind. L 21 ; Table I ). As an adaptation to food limitation, zooplankton species often ingest cyanobacteria when high-quality food sources are scarce, with shifts in food selectivity highly connected to their hunger state (DeMott and Moxter, 1991) . Probably, as a result of the "good food" depletion, the frequency of Nodularia DNA occurrence in the copepod guts in ANZZ increased nearly 3-fold compared with the ANZ treatment, and when no alternative food was present, this frequency increased 4-fold (NZ treatment in Expt II; Fig. 3 ). This implies that the copepods consumed Nodularia more readily when feeding conditions deteriorated. However, contrary to the suggestion that E. affinis feeds on toxic algae only when no other food is available (Lehtiniemi et al., 2002) , a considerable proportion of older copepodites in the E. affinis population consumed N. spumigena even when its abundance was very low (,6% by biomass), as indicated by Nodularia DNA occurrence in fieldcollected animals (Fig. 3) . This suggests that the factors other than toxicity, such as filament size and co-occurrence in time and space on a small scale, are likely to be important in determining interactions between the cyanobacterium and its mesozooplankton grazers.
Eurytemora affinis is known to be relatively tolerant to nodularin in the Gulf of Finland, where cyanobacterial blooms are common, as well as in the Bothnian Bay, where these blooms do not occur naturally (Reinikainen et al., 2002; Kozlowsky-Suzuki et al., 2003) . In our experiments, copepod survival was .96% in all treatments with N. spumigena. The average nodularin content in these copepods was high (0.34 ng copepod 21 ; Expt I), with no significant differences between the treatments (Fig. 2B ). Earlier studies reported either similar (Lehtiniemi et al., 2002) , or much lower (Karjalainen et al., 2007; Sopanen et al., 2009 ) nodularin concentrations in this species. The large variations in nodularin levels in copepods could be related to using both fieldcollected animals (which have encountered Nodularia and could thus have accumulated nodularin prior to the experiments) and those reared in the laboratory in artificial media (i.e. with no prior encounter of cyanobacteria). Moreover, these variations support recent findings that E. affinis is able to accumulate fairly large amounts of toxin via different pathways, i.e. grazing on N. spumigena, directly from the dissolved pool, and through the microbial food web by grazing on ciliates, dinoflagellates and heterotrophic nanoflagellates that have been exposed to nodularin (Sopanen et al., 2009) . It is also possible that nodularin measured in the copepods partially originated from the dissolved toxin absorbed to the copepod exoskeleton (Hyenstrand et al., 2001) ; this nodularin cannot be toxic to the copepods but would contribute to bioaccumulation in mysids and fish.
Although both particulate and dissolved nodularin at ecologically relevant concentrations does not affect survivorship in Baltic copepods (Reinikainen et al., 2002; Sopanen et al., 2009) , other studies have suggested that sublethal effects may occur during blooms (Karjalainen et al., 2007) . We found no relationship between copepod RNA levels and nodularin in either particulate matter or the copepods, indicating that the growth status was independent of the presence of the cyanobacterium. As indicated by individual RNA content, growth in copepods exposed to N. spumigena (both grazers and prey at environmentally realistic concentrations, i.e. NZ and ANZ treatments) was higher than in the starved individuals and, in the case of ANZ, similar to those in the field (Fig. 4) , where N. spumigena was present in low abundance. Moreover, the RNA levels in E. affinis observed in Expt I were similar to those reported for the same species collected in the Stockholm Archipelago in the first half of June (Höök et al., 2008) , i.e. long before the onset of cyanobacteria mass occurrence. The higher copepod RNA content in the NZ and ANZZ treatment than in the control is a likely indication that the cyanobacterium at these concentrations is not directly toxic to the copepods. Similarly, using RNA:DNA ratio as a proxy for growth in Acartia tonsa exposed to a mixture of dinoflagellates, a toxic Karenia brevis and a non-toxic Peridinium foliaceum, Speekman et al. (Speekman et al., 2006) found higher RNA:DNA ratios in individuals exposed to the mixture containing 75 to 100% of K. brevis than in the starved copepods. Further, the significant difference in individual RNA content between ANZ and ANZZ treatments could be related to the different food availability due to the food depletion in the ANZZ treatment as outlined above, and not to the more active ingestion of the toxic N. spumigena. Similarly, the lower values in the NZ treatment compared with the start animals are likely to reflect lower total food availability in the experiments. Thus, these and other laboratory experiments suggest that the growth penalty in E. affinis for consuming toxic N. spumigena is low, if any, and this translates into no correlation between copepod abundance and either N. spumigena abundance or nodularin concentration in the central Baltic Sea (cf. Repka et al., 2004) .
In conclusion, we found that the toxic cyanobacterium N. spumigena may change both cell-bound and EC nodularin levels in response to mesozooplankton grazing and variations in microbial loop communities resulting from this grazing. In the absence of copepods, toxin production and accumulation by the cyanobacterium are likely to be of an allelopathic nature and affected by interactions with various components of the microbial loop. Our experimental design does not allow identification of processes responsible for the observed changes in particulate and excreted nodularin concentrations, as cellular nodularin concentration is a result of production, turnover and excretion, and organisms of the microbial loop can absorb and/or accumulate substantial quantities of the toxin (Sopanen et al., 2009) . However, these findings raise questions about the complex ecological regulation of the toxin dynamics in the cyanobacterium and stress the need to understand the importance of intra-specific interactions for nodularin production and fate in relation to population dynamics of N. spumigena. To fully understand the importance of food web effects in the ecology of nodularin production in N. spumigena, further tests are necessary that would include molecular mechanisms of nodularin synthesis, its turnover and transfer between cells and media, and its mode of action under natural conditions in complex plankton assemblages.
